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and because beneficial mutations in such genes are exposed to positive selection 1 1 7 regardless of dominance and may therefore spread more rapidly. nuclear-mitochondrial or nuclear-chloroplast genes. In total our analyses included 1167 1 2 5 autosomal genes, 624 X-linked genes, and 107 hemizygous X-linked genes. The X-linked 1 2 6 and hemizygous X-linked genes were shared between sex chromosome systems in this identification of such genes from transcriptome sequence data). For autosomal genes, we 1 2 9 included those previously identified as confidently autosomal in both R. hastatulus sex 1 3 0 chromosome systems, as well as those uniquely identified in the XYY system. For each 1 3 1 gene set, we queried the sequences translated in all reading frames against the A. thaliana matches were not reported. We limited our searches to the A. thaliana protein database 1 3 5 because sequence matches to this database returned more detailed functional information 1 3 6 than is available for most other species in the NCBI plant database. We obtained 1 3 7 BLASTx results for 1073 autosomal genes (90%), 567 X-linked genes (90%), and 95 1 3 8 7 hemizygous genes (89%). Gene Ontology (GO) terms associated with the hits from 1 3 9
BLASTx queries were then retrieved using the 'Mapping' function in Blast2GO, which 1 4 0 used BLAST accessions to link the queried sequences to functional information stored in (files will be uploaded to GitHub). The numbers of genes in our final data set with 1 4 9 functional annotations and N-mt and N-cp GO annotations are summarized in Table 1 . the number of N-mt and N-cp genes on the X chromosome and autosomes, and then 1 5 4 compared each of these estimates to an expected number. The expected number of N-mt 1 5 5 genes was obtained by calculating the product of the proportion of all genes in the data 1 5 6 set with mitochondrial annotations (matching GO:0005739) and the number of annotated 1 5 7 genes in a given gene set. The expected numbers of N-cp genes were calculated similarly, 1 5 8 using GO:0009507. We then calculated the ratios of the observed-to-expected numbers 1 5 9 for both N-mt and N-cp genes in each gene set. The observed-to-expected ratio is 1 6 0 expected to equal one when there is no under-or over-representation, and greater than 1 6 1 8 one when there is an over-representation. We note that, unlike for X-linked genes, we did 1 6 2 not have information regarding the particular chromosome locations for autosomal genes, numbers were thus calculated assuming that the set of autosomal genes represented a 1 6 6 random sample of the autosomal chromosomes in this species, which is likely a valid 1 6 7 assumption given that the sequences were obtained using whole transcriptome shotgun compared to the expectation based on the proportion of such genes in the full data set. We nuclear genes on autosomes versus the X-chromosome that were on the order of 5% with 1 7 7 ~80% power, whereas power was reduced for smaller differences (Supplementary 1 7 8 Material). Similarly, for hemizygous X-linked genes, we calculate that differences of 1 7 9 approximately~10% could be detected with ~80% power. All data analysis was done in R 1 8 0 (R Development Core Team 2013; scripts will be available for download from GitHub). autosomal transcriptome sequences to test these predictions in the dioecious plant R. hastatulus. We found that neither mitochondria-or chloroplast-interacting nuclear genes and P = 0.3074, respectively; Figure 1 ). This pattern indicates that neither the co- There are several factors that are expected to be important in determining cyto-1 9 4 nuclear gene distributions, and these may explain the lack of bias in R. hastatulus. For 1 9 5 example, under both the co-adaptation and sexual conflict hypotheses, the age of the sex 1 9 6 chromosomes will determine the extent to which selection (either for co-adaptation, or 1 9 7 sexual antagonism) has had time to operate, which depends on the rate of gene movement will be central for understanding the rate at which organellar gene movement occurs. In addition to being evolutionarily older, X-linked hemizygous genes are expected 2 1 1 to show a greater effect of over-or under-representation than genes with both X-and Y-2 1 2 alleles because recessive mutations (involved in either co-adaptation or sexual conflict) 2 1 3 will be exposed to selection instead of masked by an alternate allele in a heterozygous 2 1 4 genotype. We detected a slightly greater under-representation of X-hemizygous N-mt 2 1 5 genes compared to autosomes or X-genes with retained Y-alleles, but the effect was not 2 1 6 statistically significant (P = 0.4947). The opposite pattern was evident for N-cp genes, 2 1 7 which were slightly over-represented on hemizygous genes, but again this effect was not 2 1 8 significant (P = 0.3074). A larger sample of hemizygous genes would be required to more 2 1 9
confidently assess whether such genes are in fact more often involved in cyto-nuclear 2 2 0 interactions than other genes on the X chromosome, and to test whether the opposite 2 2 1 pattern for N-mt and N-cp hemizygous genes is a result of a different rate of nuclear gene 2 2 2 transfer between mitochondrial and chloroplast genomes. In particular, the smaller 2 2 3 number of hemizygous X-linked genes in our data set implies that power was reduced for 2 2 4 this comparison, such that a ~5% difference could only be detected with ~60% power 2 2 5 (see Supplementary Material). Another factor that will affect the chromosomal distribution of cyto-nuclear genes 2 2 7 is the number of N-mt and N-cp genes that were located on the autosome from which the 2 2 8 sex chromosomes evolved. Since the origins of mitochondria and chloroplasts both vastly likely to be important is highlighted by the fact that the majority of genes involved in test of biases in organellar-nuclear gene movement.
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To conclude, our study is the first investigation of the extent to which co-
